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Direct numerical simulationgDNS) are conducted to study the turbulence-chemical reaction
interactions in homogeneous decaying compressible fluid flows. The reaction is of a single-step
irreversible Arrhenius type. The results indicate that the heat of reaction has a noticeable influence
on the solenoidal and the dilatational turbulent motions. The effect of reaction on the solenoidal
velocity field is primarily due to variation of the molecular diffusivity coefficients with temperature
and appears at small scales. However, the dilatational motions are affected more than the solenoidal
motions and are intensified at all length scales. The decay rate of the turbulent kinetic energy is
dependent on the molecular dissipation and the pressure-dilation correlation. In isothermal reacting
cases, the net contribution of the pressure-dilatation is small and the turbulent energy decays
continuously due to viscous dissipation. In the exothermic reacting cases, the pressure-dilatation
tends to increase the turbulent kinetic energy when the reaction is significant. Analysis of the flow
structure indicates that the flow is dominated by strain in the reaction zones. Also, consistent with
previous studies, the scalar gradient tends to align with the most compressive strain eigenvector and
the vorticity vector tends to align with the intermediate strain eigenvector. The heat of reaction
weakens this preferential alignment, primarily due to variation in molecular transport coefficients.
The spatial and the compositional structure of the flame are also affected by the modification of the
turbulence and the molecular coefficients. 2000 American Institute of Physics.
[S1070-663(100)00205-

I. INTRODUCTION Dimotakis** Drummond and Givi® and Coat¥). The re-
. . o . _sults of these investigations indicate the importance of the
Modehng of turbulence—chemmal reaction interactions, rge-scale as well as small-scale structures on the mixing
Co.nt":.ljis 0 dpreseqt a challc;ngmg tasl; forg@m‘:ﬁrs anﬁnd reaction. They also show that these structures are signifi-
SCIEntists and remains an active area of res e ¢ ntly affected by the exothermicity of the reaction and the
there has been significant progress in understanding a ow compressibility. The effects of two-dimensional and
modeling of turbulence and chemical reaction separately, . . :
. . : three-dimensional turbulence on the structure of premixed
much less is known about their coupled behafidhe non- e . o .
. . ) : ._and diffusion flames in shearless mixing layer are studied by
linear interactions between turbulence and chemical reactlop| . : 18
aworth and Poinsdt, Mahalingamet al,*® and Boratav

occur over a wide range of time and length scales and in-," 19 . . : . . :
volve many different quantities. Our lack of adequate under:et 6.“' via direct numerical S|mulat|o(D_NS}. T_h_e|r results
standing of these interactions imposes serious limitations O|é1d|cate that the structure of the flame is significantly altered
the modeling of chemically reactive turbulent flows. For ex- y thg t.urbulence. L

Mixing and reaction in homogeneous turbulence have

ample, the majority of existent turbulence closures which areI b h biect of i iaatdn®In th
used for reacting flow calculations are based on those deveft>0 P€€N e Subject o NUMETOUS INVESLgAtions. in the
ajority of these investigations the flow is considered to be

oped for nonreacting flows. These closures are potentiall ) ) )
ncompressible and the scalars are considered to be passive.

limited and cannot account for important phenomena in tur- d and Hil® and 4 Elaobash study th
bulent combustion such as the extensive density and molecireonard and Hili” and Nomura and Elgobasil study the

lar property variations, significant dilatational turbulent mo- Sucture of the reaction zone in homogeneous isotropic and
tions. etc. shear incompressible turbulence via DNS. Their results show

Previous numerical and experimental investigations in_that the intense reaction rates occur over the regions where

volving flame-turbulence interactions primarily discuss theth® concentration gradient is large and the gradients of the

influence of the coherent structures on mixing and reaction irfcalars tend to align with the direction of the most compres-
free shear flows®® (for recent reviews see Gidi, SIV€ eigenvector of the strain rate tensor. The effect of the

compressibility on the turbulent mixing in homogeneous
shear turbulence is studied by Blaisdell al>** and Cai
dpresent address: Department of Mechanical and Nuclear Engineering, Ka'é't al®® Their DNS results indicate that the dilatational con-
sas State University, Manhattan, KS 66506-5205. N . . . ..
bAuthor to whom correspondence should be addressed; electronic maiM€Ctive velocity does not contribute noticeably to the mixing

madnia@eng.buffalo.edu of the scalars.
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The effects of the chemical heat release on the isotropig;”. = (1/2)(du; [ ax;+ du;/dx;) is the strain rate tensor
decaying and forced turbulence were recently studied by Bal=gu, /9x, is the dilatation,s;; is the Kronecker delta, and
akrishnanet al,*® Jaberi and Madni&) and Martin and w,, andQ represent the chemical mass and heat source terms,
Candler’,‘g who consider different initial scalar conditions respectively. The nondimensional viscosity,is modeled as
and chemical kinetics. Although these investigations reveal \
some interesting features of the turbulence-chemical reaction p=T ®)
interactions in iSOtrOpiC turbulence, more detailed StudieS’he Speciﬁc energy is the summation of the Speciﬁc internal
have to be performed in order to fully understand the com{e) and kinetic ) energies
plex role portrayed by the combined influences of the turbu-
lence and the chemical reaction in a compressible fluid me- . . _ P n }u-u- 6)
dium. In this study, we use the data gathered from DNS of KT p(y—1) 271
isotropic decaying turbulent reacting flows to further eluci-and thermodynamic variables are related through the equa-
date the interactions between turbulence and chemical rea;

fion of state
tion. The main objectives of this investigation afé) to

analyze the flow and the flame structuf@) to study the pT
effects of the heat of reaction on different modes of energy, P~ yl\/loz' @)

and (3) to examine the dynamical evolution of the vortical
and the dilatational fluid motions and their correlation in theAll variables in the above equations are normalized using
presence of chemical reaction in turbulent flows. reference lengthlg), velocity (up), temperature Tp), and
This paper is organized as follows. In Sec. Il the gov-density (po) scales. Consequently, the important nondimen-
erning equations are presented and the computational metfional parameters are the box Reynolds number, Re
odology for solving these equations is explained. The results Pololo/ 1o, the Prandtl number, Pruqcp/ o, the Schmidt
pertaining to flame characteristics and the effect of heat ofumber, Se u,/p D, and the reference Mach number,
reaction on the flow structure, turbulent energy, and the soMo=Uo/V¥RT, (Ris the gas constantThe viscosity,u,,
lenoidal and dilatational turbulent motions are presented ithermal diffusivity, x,, and mass diffusivity,D,, are as-

Sec. lll. A summary of important findings and conclusions issumed to be proportional 63, the specific heat at constant
given in Sec. IV. pressureg,, is constant and in all cases the Lewis number is

unity with Pr=Sc=0.7. Also, in all simulation®!,=0.6 and
v=1.4. The gas is assumed to be calorically perfect.
Il. GOVERNING EQUATIONS AND COMPUTATIONAL The chemistry is modeled with a single-step irreversible
METHODOLOGY reaction of the typeA+rB—(1+r)P (r=1 in this study

The primary independent transport variables in a comyvIth an Arrhenius reaction rate,

pressible flow undergoing chemical reaction are the density 1 )
p, the velocity components ix; directionu;, the specific Wa=Wg=—5Wp=—Dap¥aYg exp(—ZelT),
energye, the pressurg, the temperaturd, and the mass
fraction of speciesy,Y,. The conservation equations gov- _ Ce 8
erning these variables are expressed as Q= (y— 1)|\/|O2 We. (8)
‘9_’)+ i( )=0 1) The mass fractions and the reaction rates of spekjds, P
ot " ox PUTE are represented by, ,Yg,Yp andw, ,wg ,Wp, respectivel
j p A YB,YP AsWg,Wp, I€sp Y.

The mass fraction of the mixture fractios, is represented

i(pui) + i(puiuj)z — a_p+ i & 2 by Y, . All the species are assumed to be thermodynamically
at 28 % R& 0X identical. The constant nondimensional quantities affecting
P 9 P the chemistry are the heat release parameter Ce
E(pe)-i- K(puje)z - %(puj) =— HOICpTO, the Damkdler number Da Kfp%IP/uo, and
] ] the Zeldovich number ZzeE,/RT,, where—H" is the heat
1 J aT of reaction,K; is the reaction rate paramet@ssumed to be
+ ()/—T(Z)R%Prﬂ_xj 'uﬁ_xj constany, f';lnd E, is the aqtivation energy. _
Equations(1)—(4) are integrated using the Fourier pseu-
d dospectral methd@“® with triply periodic boundary condi-
+ Re, (9_)(j(ui®ij)+Q’ 3 tions. The explicit second-order accurate Adams—Bashforth
scheme is used to time advance the variables. All simulations
i( v+ i( LY. )= A AL are conducted within a box containing £28ollocation
gt Pl T o WPHITe) ™ RaSeax: | # ax; «’ points. Aliasing errors are treated by truncating the Fourier
i % i i

(4)  values outside the shell with wave numblef.,=v2N/3
(whereN is the number of grid points in each directjoifhe
velocity field is initialized as a random solenoidal, three-
dimensional field with a zero mean and Gaussian spectral
density function. The initial degree of compressibility is con-

where

2
0ij=2uS;— zpAd;,
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TABLE I. The specifications of DNS cases. velocity field is eliminated. Case 5 is considered in order to
~ isolate the effects of heat release on the mixing and reaction.
Case # Da Ze Ce reL att=0 n . R i . . .
The initial velocity field in case 1 and cases 3—8 are identical
1 2 0 0 0.008 0.7 with Reynolds number based on Taylor microscale, Re
5 20% % %168 06102;8 0677 =50.1(Reg,=50.7 for cases 4 and 5 due to the difference in
4 200 8 3168 0.008 o  molecular V|sc95|ty andted.dy_= 1.8 (teqay is the Igrgg scale
5a 200 ) 3.168 0.008 0 eddy turnover timgand exhibits almost no contribution from
6 200 8 1.584 0.008 0.7 the dilatational fluid motions. In cases 2 and 9, RB3.7
7 300 8 1.584 0.008 0.7 andteyq~1.92 at the initial time.
8 3000 12 1.584 0.008 0.7 ; ot i
9 200 8 1oe4 0.124 07 The temporal evolutions of the statistical quantities as

extracted from DNS are of primary importance here. These
An this special case the effect of chemical reaction on turbulence is restatistics are obtained by volumetric averaging over all the
moved. collocation points. Two of the important statistical quantities
are the mean and the variance of a variablevhich are
denoted by(a) and o,=((a—(a))?), respectively. The
variance of a vector is defined as the average of the variances
a?f its three components. The three-dimensidBal) spectral

trolled by varying the ratio of the energy residing in dilata-
tional motions to the total enerdy.The initial pressure fluc-
tuations are evaluated from a Poisson equation. The initi . . . - .
density field has unity mean value and no turbulent ﬂuctua%j eeﬁ:;?/e;uzdg n(ko)f t?ﬁg%?ﬁgl&ir;ao_rfé:t’p’ lfé\'r?tliﬁeit(;)relrsthe
tions and the initial values of the temperature are CalCUIatngca| turbulyen'? Méch number pand thg enstrophy(
from Eg. (7). The initial velocity field is allowed to decay to . ! ' phy3 2,

“ T ; which are defined as
a “self-similar” state, corresponding to a fully developed

turbulent flow, before scalar mixing and reaction begin. This /_uiui 1
corresponds to time=0 on all the figures. The scaldris M= , Q=00 9
specified in the physical domain in such a way as to yield a VRT

square wave in the,-direction (slabg.” The slabs are ap- where w; denotes the vorticity vector. Of particular interest
proximated by an error function distribution such that theyre the statistics of the solenoidal and the dilatational com-
scalar field varies smoothly in the range¥,<1. The sca-  onents of the velocity and the kinetic energy. To obtain
lar values are constant ix;—x; planes along the these statistics, first the velocitpr the kinetic energyis
xo-direction. Cases with four scalar slabs are considered. Thgecomposed into the solenoidal and the dilatational parts ac-
initial probability distribution functionfPDF) of the scalaA cording to the Weyl decompositidi=*3 Then the statistics

is approximately composed of two delta functions centeredyre cajculated for each component separately. In the discus-
at Y,=0,1. The scalaB is perfectly anticorrelated with g5 of the results below, the superscripts’ ‘and “ d” de-

and there are no producksin the domain at initial time. note the statistics that are calculated from the solenoidal and
the dilatational velocity(or kinetic energy components, re-
ll. RESULTS AND DISCUSSIONS spectively. For exampleg3(k) and EZ(k) denote the spec-
Direct numerical simulations of chemically reacting iso- tral d_e_nsity functiqns of the solenoidal and the dilatational
tropic compressible decaying turbulence are performed-elocities, respectively. _
Table | provides the listing of the relevant information about !N the presentation of the results below, the ratios
each of the cases studied. The variabla this table denotes

! AZ d
the temperature exponent in E®). Cases 1 and 2 are the rcsz%' fcﬁ%, (10)
reference cases in which the reaction is constant rate with no (Q)+(A%) o,to,

heat release. The magnitude rgf, (the ratio of the dilata- represent the flow compressibility at smélissipation and

EOTal k_mzt!f(; energy tﬁ the total kinetic ﬁ”e,f‘JY ?S dlef'ne]fjlarge(energy containingscales, respectiveff. The correla-
elow is different in these two cases. The initial value o tion coefficient between two variables and b, {(a,b) is

reo is very small in case 1 but is significant in case 2. Caseﬁefined as

3-9 are considered to investigate the effects of heat release

due to chemical reaction on the velocity, pressure, tempera- (ab)—(a)(b)

ture, density, and scalar statistics. In cases 2 and 9 the initial {(a,b)= [((@®)—(a)(a))({b2)—(b)(b))]*? 11

flow compressibility is higher than the other cases listed in

Table I. Case 4 is similar to case 3 but with constant molecu- .

lar viscosity, conductivity, and diffusivity coefficients. This A. Flame characteristics

case is considered in order to isolate the effects of heat re- Characteristics of the flames considered in this study are
lease on the molecular transport properties. Case 5 is alddentified via analysis of the flame structure. In turbulent
similar to case 3 but in this case in addition to Eq9—(4)  reacting flows, the spatial and the compositional structure of
an extra energy equation is solved in which the heat releashe flame is dependent on the flgturbulence structure as
term is neglected. The temperature obtained from this addiwell as the chemistry parameters. The flame structure is also
tional equation is used to calculate the pressure and the dedependent on the variations of the thermodynamic quantities
sity. Therefore, in case 5 the effect of heat release on theince the reaction rate is dependent on these quantities. The
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0.5 —fo—cocased ; (cases 1, 3, 6, 7, and) &nd 53.7(cases 2 and )9 At t
T e , | =2.5, when the mean reaction rates for cases 3 and 4 reach
04 1 o --ecases A their peak values, the values of Rere between 17.&ase 3

0.3 \ i and 36.4(case 4. The Reynolds number in case 4 is higher
<w> ;o (a) than that in case 1 due to the amplification of the dilatational
' fluid motions by the heat of reaction.

In modeling of turbulent reactive flows, the “flamelet
assumption” is usually invoked. With this assumption, the
reaction rate can be directly related to the mixture fraction
through the flame surface densiBy,>*>#®In turbulent com-
bustion, the flame surface density is a complex function of
the flow and chemistry parameters. Following Pdbeve
define the average flame surface density as

<E> = <|VYZ| olYz— (YZ)st]>
=(|VYZl|Yz=(Y2)sp
XP(Yz=(Y2)sp), (12

(b)

where § is the Dirac-delta function{q|Y,=(Y,)sy is the
expected value of the quantity conditioned onY,
=(Y2)st, and P(Yz=(Yz)s) denotes the probability that
Y,=(Y2)s:. Figure 1c) shows the temporal evolution of the
mean flame surface density for different cases. At early
times, the values of2) are relatively low and similar in all
cases due to initial conditions. However, the flame surface
) density increases due to turbulent stretching/folding, and af-
ter peaking at 2t<3, decays due to scalar mixing and tur-
bulence decay. A comparison among the results for cases 3

— - —caseB!

PR and 6 indicates that the late time values®§ are lower for
* ' higher values of the heat release parameter. This is primarily

0.0 :
0.0 20 4.0 6.0 8.0

due to variation of the molecular transport coefficients with
temperature as the results in the heat-releasing case 4 with
constant molecular coefficients are similar to those in non-
heat-releasing case 1. This observation is further supported
by the results obtained for case 7, which has a higher value
of Da than case 6 and exhibits higher temperatures at earlier
heat of reaction, in turn, affects the turbulent motions and théimes. The small-scale scalar fluctuations are dependent on
thermodynamic variables, hence a two-way coupling existsthe magnitudes of the molecular transport coefficients and
In the assessment of the reaction, it is useful to study thelecay faster at higher temperatures, which results in lower
reaction rate w=—w,) and its components; the mixing values of2. However, it should be noted that the average
term (G=p2Y,Y;) and the temperature-dependent téffn  |VY;| conditioned on ¥;)s; and probability of {;)s:,
=exp(—Z€eT)]. In the nonheat-releasing case 1, the reactiorwhich appear in the flame surface density definit|dg.
is solely dependent ot and its mean values as shown in (12)], are both affected by the heat reledéset shown herg
Fig. 1(a), after reaching a peak &t 2, decay continuously. For case 4, these terms counteract each other and the net
However, in the heat-releasing cases, the reaction rate deffect on the flame surface density is small.
pends on botls andF and its maximum mean values occur A comparison between Figs(d and Xc) clearly indi-
at different times for different values of Da, Ze, and Ce.cates that the temporal evolution of the mean flame surface
Expectedly,(w) peaks earlier as the values of Da and Cedensity is very different from that of the mean reaction rate
increase or those of Ze decrease. The mean reaction ratedsd the finite rate chemistry effects are important. Hewett
not, however, very much dependent on the initial flow com-and Madni&® and Pierce and Moiff also found that the
pressibility as the results corresponding to cases 6 and 9 afmite rate chemistry effects become important under certain
very close. A comparison between the results in cases 3 anéacting flow conditions. To further explain the results in
4 also indicates that the variation in the magnitudes of thd-ig. 1, the temporal variation of the volumetric averaged
molecular transport coefficients has little effect on the temvalues of In(), In(F), and In{v) for case 3 are considered in
poral variation of(w). However, the Reynolds number is Fig. 2. The results for other heat-releasing cases are qualita-
strongly affected by the variation in the molecular viscosity.tively similar. Figure 2 shows that the evolution of the mean
This is illustrated in Fig. (b), where the time evolution of reaction rate is different than the mixing and the
Re is presented. The initial values of Reary between 50.1 temperature-dependent terms. Expectedly, the mean values

FIG. 1. Temporal variation ofa) the mean reaction ratéh) Re, , and(c)
the mean flame surface density.
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FIG. 3. Scatter plots of the reactants and product mass fractions in mixture
FIG. 2. Time variation of different terms in the reaction rate expregdion  fraction (2) space for case 3 at=2.5 (sample size 4096 pointsThe solid
(8)] for case 3. lines represent the conditional means and are calculated based on all grid
points (128).

of the temperature-dependent terff,are very low at early The results in Figs. 1 and 2 and Table Il show the aver-
times but increase significantly by the heat of reaction. Theage behavior of the reaction at different times and do not
mixing term, G, exhibits behavior similar to that shown for provide information about the flame structure. The flame
the flame surface density in Fig(cl. The volumetric aver- structure can be studied by examination of the reactive spe-
aged values of this term increase at early times due to mixingies in mixture fraction(compositiongl space. Figure 3
of the reactants and decrease later due to consumption of tisows the scatter plots of the reactants and the product mass
reactants. At=2.5, when the mean reaction rate peékig.  fractions in mixture fraction space for case 3. These scatter
1), the average values & and G are comparable, showing plots are similar to those of a typical flame with finite rate
the important contribution of both mixing and temperature tochemistry effects.
the reaction rate. The scatter plot of the reaction rate in mixture fraction
In order to further identify the role of reaction in the space for case 3 at=2.5 is shown in Fig. @&). This figure
flow field, three regions are defined based on the mean valndicates that the conditional mean value of the reaction rate
ues ofw, F, andG att=2.5. Table Il presents the percentageis the highest at the stoichiometric surfade €0.5), similar
of the computational grid points corresponding to these thre® that observed in Fig. 3 for product mass fraction. How-
regions, ever, the variation of the reaction rate in mixture fraction
space is different than that of the product mass fraction. To
explain this behavior, the scatter plots@fandF parts of the
reaction rate are shown in Figslbd and 4c). TheF term is
only a function of temperature and behaves similaiYto
dThe behavior of theG term is more complex. This term

(i) Region :w>(W)_, s,
(i)  Region I:w<(w)_55,G>(G)i=25,F <(F)i=25,
(i) Region I W<(W)_55,G<(G)i=25,F>(F)i=25,

at different times. The regions I, I, and Ill may be associate ) ,
with the “reaction region,” the “mixing region,” and the depends on the density and the product of the reactants’ mass

“hot-product region,” respectively. The results in Table 11 fractions, and as shown in Fig(d} attains refatively low

are consistent with the results shown in Fig. 6 below, and/alues near the stqchmmetnc surface,_ mainly due to low
indicate that at=1 a significant portion of the domain con- values ,Of the densit}Fig. 4,(d)]' At later times (>2.5), as
sists of region II. At this time the reaction rate and the tem-S"0Wn in Fig. 2, thé" term is larger than th& term and the
perature are relatively low and regions | and Il have a negScatter plots ofw exhibit behavior similar t= and Yp . It
ligible contribution. Att=2.5, when the mean reaction rate S10uld be noted that, due to homogeneity of the flow, the
is significant, most of the field is composed of region |. At "€action in this study occurs through a constant volume pro-
later times f=4), when the mean reaction rate is small, theCess. Therefore, the mean (_1en3|ty is con_stant but the mean
mixing and the reaction occur rarely and the total volumePT€SSUre and temperature increase continuously and simi-

occupied by regions | and Il is less than 1% of the Compu_Iarly. Wlthm the reaction zone, th_e density decre_ases due
tational domain. to volumetric flow expansion and is lower than unity. Out-

side this zone the density is higher than unity, as shown in
Fig. 4(d).

It is shown above that in exothermic reacting cases the
mixing term and the temperature-dependent term both con-
Region | Region Il Region Ill tribute significantly to the reaction. However, the mean val-
ues of these terms evolve very differently. This raises the

TABLE Il. Percentage of the domain filled with regions I, II, and IlI.

=1 0 0 0, .
::2 5 20/:/0 71550/2 26/;) question of how the local values of these terms are correlated
t=4 0.5% 0% 93.5% with each other and with the reaction rate. To answer this

question, the temporal variation of the correlation coefficient
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0.20 . . T T 25 . . . : (128%).
0.15 | ‘ 1
G o0} : 1 P
0.05
0.00 — s il 05 Lo .
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 040 0.60 0.80 1.00

Y, Y,

betweenG andw and that betwee® and F for case 3 are rate is high, the field is primarily composed of zones with
shown in Fig. 5. The results for other heat-releasing cases areégh temperaturéhot-product region, 26% of the total num-
qualitatively similar and are not shown. It is evident that theber of points, and reaction region with<(G),22% of the
G term is not well correlated with the reaction rate when thefield) and of zones with mixed reactaritaixing region, 15%
rate of reaction is significant. This lack of correlation be-of the field, and low-temperature reaction region with
tween G and w has a significant influence on the spatial F<(F),10%). In the zones with mixed reactants the tem-
flame structure and is explained below. perature has not yet increased significantlyGe (G) and
Figure 6 shows the joint PDF & andF and the joint F<(F) in these zone§Fig. 6(d)]. In the high-temperature
PDF of G andw at several different times. At early times zones,G<(G) and F>(F). These results are consistent
(t=1), as indicated in Table Il, in most of the domain the with Fig. 5, where it is shown thef and G are negatively
reaction is insignificant and is confined to the mixing zonescorrelated at=2.5. Although there are regions in the flow
This explains the strong correlation betweeandG at early  with very high values ofc andw, in most of the domain the
times as observed in Fig. 5. Also, at early times the temperaralues ofG andw are moderate to lofFig. 6(c)]. The points
ture increases only in the regions where the reaction takes the domain are relatively evenly distributed among the
place and there is a good correlation betweeandG (Fig.  four regions defined by the line6=(G) and w=(w) on
5). The joint PDF plot in Fig. @) confirms that- andG are  Fig. 6(c). As a result, the correlation betweéd and the
indeed well correlated. At=2.5, when the mean reaction reaction rate is very low at=2.5 (Fig. 5). At later times,
most of the reactants have already burnt and, as shown in
Table I, the field is occupied almost entirely by hot prod-
10 =7 ' ucts. At these times; is almost evenly distributed around its
/ 1 mean[Fig. 6(f)] and the correlation betwedhandG is low.
g At elevated temperatures, the exponential term has small
spatial variation andF is nearly constant. Therefore, the re-
action rate as illustrated in Figs. 5 anepis highly corre-
lated with G. Figure @e) also shows that at=4 there are
still some rare regions in which mixing and reaction are both

05 r

Correlation coefficients
o
o
T

-05 r T significant.
So far, we have only discussed the influence of various
1.0 R SR parameters on the reaction. In the following sections the ef-
00 20 40 60 80 fects of reaction on turbulence are studied. In particular we
t will show how the turbulence structure, the turbulent energy,

FIG. 5. Temporal variation of the correlation coefficient betw&and F the V_OrtiCity fi?ld, and the d"atation_ field are affected by the_
andG andw, in case 3. reaction. The influence of the reaction on the thermodynamic
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FIG. 6. Joint PDF ofa) wandG att=1, (b) GandF att=1, (c) wandG att=2.5,(d) G andF att=2.5,(e) wandG att=4, (f) G andF att=4, for case
3. The thick lines represent the average values which are respecti@®)y: ; ;=0.087, (W);_10=0.017, (F),_10=0.0008,(G)-,5=0.017,(W),_»5
=0.255,(F){-25=0.096,(G),—40=0.001,(W),_40=0.038,(F)_40=0.16.

variables is also studied. The results are consistent with thogen. Although the value of density is minimum at the sto-
of Balakrishnaret al. 2 Jaberi and Madni&’ and Martin and  ichiometric surfacéFig. 4(d)], its fluctuations increase as the
Candler® and indicate that the fluctuations of the tempera-rate of heat release increases. The rate of heat release is
ture and pressure increase significantly by the heat of readependent on the density, temperature, and reactants’ mass
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8.0 — ——— as the heat release increases. The heat of reaction increases
o ollel, casa 1 the magnitudes of the molecular transport coefficients and
&——a pllel, case 1 results in faster decay of the turbulence and the strain eigen-
6.0 r e cames | ] values.
PO :%2{-;:::33 To further examine the effect of reaction on the flow
PDF 40 1 stru_ct_ures, the PD_Fs_of the gosmes_of angles between the
: vorticity and the principal strain directions for cases 1 and 3
are plotted in Fig. @). The angles between the vorticity
20 i vector ande-, B-, andy-eigenvectors are denoted by, {5,
. and{s, respectively. Direct numerical simulations of incom-
" : . pressible nonreacting turbulent flows suggest a preferential
0.0 R SOy 4 AW, alignment among the strain eigenvectors, the vorticity vector,
-10 -05 00 05 1.0 and the scalar gradient vectdr?®51=%° This preferential
o/lel, pllel, y/lel alignment is due mainly to local effects associated with the

structure and dynamics of vorticity vector and strain rate
FIG. 7. PDliof the normalized eigenvalues of the strain rate tensor for Caser%nsoﬁs,56—58a|though the formation of distinct spatial struc-
Land3at=25 tures can also affect the alignméfitit has been found that

the vorticity vector tends to align with the direction of the
fractions and varies significantly throughout the flow field. intermediate(8) strain eigenvector and the scalar gradient
The nonuniform generation of heat results in the enhancevector tends to align with the direction of the most compres-
ment of the fluctuations of thermodynamic variables. Thesive () strain eigenvector. The PDF plots in FigaPalso
variations in temperature and density in turn result in modi-show that the vorticity vector tends to be parallel to the
fication of the reaction rate. B-eigenvector and perpendicular to theigenvector in both

heat releasing and non-heat-releasing cases. The effect of
B. Flow structure heat of reaction is to decrease the alignment of the vorticity

The heat of reaction has a noticeable influence on turbut€ctor with thes-eigenvector and to increase the alignment
lence structures. This is partially demonstrated in this sectioWith the a-eigenvector. It is interesting to note that these
via analysis of the strain rate tens@s;=1/2(au;/dx results, as obtained for a homogenedasnstant volume
+au;/dx;)] and alignment of its eigenvectors with the vor- flow, agree qualitatively with the results of Nomura and
ticity and scalar gradient vectors. The eigenvalues of th&!gobashi® obtained for an inhomogeneous flow with con-
strain tensor or the principal strain rates are termed convergtant molecular coefficients and infinitely fast chemistry. The
tionally asa, B, y, with a>B>vy. The PDFs of the eigen- PDFs obtained for case ¢hot shown hergare similar to
values of the strain rate normalized by the magnitude of totalhose shown in Fig. @) for case 1. This suggests that the
strain (e| = (a?+ B2+ y?)'?) for cases 1 and 3 at=2.5 are  modification of the alignment of the vorticity vector and
shown in Fig. 7. It is observed that although the shape of thétrain eigenvectors is primarily due to variation of the mo-
PDFs is not substantially affected, the heat of reaction inlecular transport coefficients with temperature.
creases the variances of all eigenvalues. In agreement with A more detailed analysis of our results indicates that the
the previous observatio?$2>°%the values of3 are shown to  alignment between the vorticity vector and the strain eigen-
be mostly positive. Also, due to homogeneity in all casesvectors is more significantly affected by the reaction in the
considered in this studya+ B8+ y)~0. The reaction has ‘“reaction zones,” where the values of the mixture fraction
also a noticeable influence on the average values of the prire close to the stoichiometric values. Our results are also
cipal strain rates. This is observed in Fig. 8, where it isconsistent with those obtained by Borattval,'® and indi-
shown that the magnitudes &), (8), and{y) decay faster cate that in the reaction zones the flow is dominated by strain
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FIG. 8. Temporal variation of the mean values of the
strain rate eigenvalues.
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and indicate that the lowest and highest values are obtained
inside and outside the reaction zone, respectively.

Figure 9c) shows the PDF of the cosine of the angle
between the scalar gradient vector and the principal strain
directions for cases 1 and 3tat 2.5. The angles witla-, 8-,
and y-eigenvectors are denoted lyy, x», andys, respec-
tively. In both cases, the scalar gradient tends to align with
the most compressive principal direction of the strain rate
tensor as observed previousR?*>°Our results(not shown
also indicate that in both heat-releasing and non-heat-
releasing cases the scalar gradient tends to be mainly normal
to the vorticity vector. The heat of reaction has little effect
on the alignment of strain eigenvectors and the scalar gradi-
ent. The main effect of the reaction is that the PDFs of
cos(y1) and cosy,) are closer to each other in heat-releasing
cases. A comparison with the results obtained for cagwé
shown hergagain suggests that the change in the alignment
among strain eigenvectors and the scalar gradient is due to
variation of the molecular transport coefficients with tem-
perature.

C. Turbulent energy

In this section the effects of reaction on the turbulent
kinetic energy and the energy transfer among different com-
ponents of the kinetic energy and the internal energy are
studied. The effect of heat of reaction on the mean turbulent
kinetic energy is shown in Fig. 18). This figure shows that
the reaction has little effect on the decay of the turbulent
kinetic energy(compare cases 1 and. 3he reason that the
decay rate of the kinetic energy is not significantly affected
by the reaction is explained by considering the effects of
reaction on different components of the kinetic energy. The
turbulent kinetic energy is composed of the rotatiofsalle-
noidal and the compressivéilatationa) components. In the
absence of heat release, the values of the dilatational and the
solenoidal turbulent kinetic energies decay slowly due to vis-
cous dissipation. However, both components of the kinetic

FIG. 9. () PDFs of the cosine of the angles between the eigenvectors of thenergy are affected by the reactifffigs. 1ab) and 1Qc)].

strain rate tensor and the vorticity vectortat2.5, (b) PDFs of ¥ for case

The results in Fig. 1®) indicate that the solenoidal kinetic

3 att=2.5,(c) PDF of the cosine of the angles between the eigenvectors o%nergy decays faster due to the heat of reac(tmmpare

the strain rate tensor and the gradientygf.

rather than rotation. This is demonstrated in Fign)9where
the PDFs of¥, sampled over three different ranges\6f,
are considered. The strain-enstrophy anffigis defined as

nl SiJ'Sij

¥ =ta ,

cases 1 and)3 This is primarily due to an increase in the
magnitudes of the molecular transport coefficients and turbu-
lent kinetic energy dissipation with temperature. The influ-
ence of the heat of reaction on the dilatational component of
the kinetic energy is different than that on the solenoidal
component. Figure 16) shows that the mean values of the
dilatational kinetic energy increase significantly due to heat
release, despite the fact that the magnitude of turbulent Mach
number decreases by the reaction. Figuré)l@lso shows

whereR;; is the rotation tensor. By definition, large values of that the generated dilatational motions remain significant,
¥ (>45°) correspond to the strain-dominated flow regionslong after the reaction is completed. The results correspond-
and small values of (<45°) correspond to the enstrophy- ing to cases 3 and 4 indicate that the variation in the magni-
dominated regions. Figure(l® shows that in the reaction tudes of the molecular diffusivity coefficients does not have
zones the flow is dominated by the strain and the vorticah significant effect on the evolution of dilatational kinetic
fluid motions play a lesser role. The conditional expectedenergy.

values of the enstrophy, conditioned &f, for the heat-

releasing case®ot shown are also consistent with Fig(19

Figures 10b) and 1dc), therefore, explain the results
shown in Fig. 10g). The solenoidal kinetic energy is affected
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" FIG. 11. Three-dimensional spectral density functiongabthe solenoidal
0.015 - ; ) velocity, (b) the dilatational velocity, at=3.
<B¢> 0010 - 1
I Pew—— cannot reveal how different turbulent scales are affected by
0.005 - ;‘; Toncased _ the reaction. The interaction between turbulence and chemi-
| v vcase5 | cal reaction occurs over a variety of different length scales
% and it is important, from both physical understanding and a
0'0000_0 20 40 60 8.0 modeling point of view, to assess the influence of reaction on

(© t different flow scales. To address this issue, the 3D spectral

density function of the solenoidal and the dilatational veloc-
ity for several different cases are considered in Fig. 11. It is
shown in Fig. 11a) that the large-scale solenoidal velocity
field is not noticeably altered by the reaction and is similar in
cases with constant and temperature-dependent diffusivity
by the reaction, primarily due to variation in molecular co- coefficients. However, the small-scale solenoidal turbulent
efficients. In contrast, the reaction increases the values of th@otions are dependent on the magnitudes of the molecular
mean dilatational kinetic energy. The net effect on kinetictransport coefficients and are affected by the heat of reaction.
energy would be the summation of the effects on its solenoiAs compared to case 1, the magnitudes of the molecular
dal and dilatational components. A comparison betweeroefficients are higher and the small scales decay faster in
cases 1 and 3 in Fig. 18 indicates that the reaction slightly case 3. The small-scale values of the solenoidal energy in
modifies the decay rate of the mean kinetic energy. In case 4¢ase 4 are slightly higher than those in case 1, since in case
the molecular viscosity is constant and the mean values of a net energy is transferred from the internal energy to the
the solenoidal energy are not significantly affected by thekinetic energy by the pressure-dilatation correlations. This is
reaction. However, the dilatational energy increases substaexplained in more detail below, where the transport equa-
tially by the reaction. Consequently, the mean values of the&ions for internal and kinetic energies are considered.
kinetic energy in case 4 are significantly higher than those in  In contrast to the solenoidal velocity spectrum, the dila-
case 1. From the results presented in Fig. 10 it can be corational velocity spectrum is significantly affected by the
cluded that the volumetric flow expansion, on average, doekeat release at all length scales. This is demonstrated in Fig.
not have a significant effect on the solenoidal turbulent mo<41(b), where it is shown that the large- and the small-scale
tions. dilatational energy in cases 3 and 4 is significantly higher
Figure 10 shows that the heat of reaction has a signifithan that in cases 1 and 5. Nevertheless, the spectra in cases
cant influence on the turbulent energy. However, this figure8 and 4 are very close to each other. This suggests that the

FIG. 10. Temporal variations ofa) the turbulent kinetic energy(b) the
solenoidal component of the turbulent kinetic energy, @ythe dilatational
component of the turbulent kinetic energy.
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are the “pressure-dilatation,” the ‘“viscous-dissipation,”
0.04 - . and the “heat-release” terms, respectivélfExamination of
Egs. (13) and (14) indicates that the heat of the reaction is
, , e directly transferred to the internal energy and the mean ki-
0.00 . 4o
0.0 20 4.0 6.0 8.0 netic energy may only be modified indirectly through the

t variations in the pressure-dilatation and viscous-dissipation
FIG. 12. Temporal variation of the mean kinetic energy for different cases.terms' The total e_nergyE(T.: E'+ EK) IS. Only affected by .
the heat of reaction and is constant in non-heat-releasing

cases. In the heat-releasing cases considered here, the values

dilatational velocity field is modified by the heat of reaction, of the internal energy are much larger than those of the ki-
primarily due to volumetric flow expansion/contraction, and"€tic €nergy and monotonically increase by the heat of reac-

the variation in molecular transport coefficients has little ef-10" L L .
fect. The rate of variation of the mean kinetic and internal

The effect of the initial flow compressibility on the de- energies, as discussed above, are dependent on the pressure-

cay of the mean turbulent kinetic energy for both non-heatdilatation, viscous-dissipation, and heat-release terms. De-
releasing and heat-releasing cases is shown in Fig. 12. iiled examination of each of these terms helps us explain
non-heat-releasing cases, the kinetic energy decays motae rgsult_s in Figs. 10-12. In the heat-releasing cases consid-
slowly as the flow compressibility increases. The results if"€d in this study, the magnitudes of the heat-release term are
Fig. 12 are also consistent with those in Fig(@@and indi- ~Much larger than those of the pressure-dilatation and
cate that the decay of the turbulent kinetic energy is noliScous-dissipation terms and the internal energy varies pri-
significantly affected by the heat of reaction when the initialMarily due to this term. The heat of reaction does not have
flow compressibility is smalicompare cases 1 and. 6low- @Y direct influence on the kinetic energy. However, the rate

ever, the reaction changes the mean kinetic energy, when ttff change of the kinetic energy is controlled by the pressure-
initial flow compressibility is significanfcompare cases 2 dilatation and thg V|§Cous-d|53|pat|on terms. Both of these
and 9. An examination of different components of the tur- [€rMS &s shown in Fig. 13 are affected by the heat of reac-
bulent kinetic energy for cases 2 and 9 indicates that whildOn- In the non-heat-releasing case 1, the values of the pres-
the dilatational component increases by the reaction the sgure dilatation oscillate around zero, indicating that the en-
lenoidal component decreases. Our res(itst shown also €79 is alternatively transferred between the internal and the
indicate that the effects of reaction on the dilatational turbuXiN€tic energies via this term. In this case, the pressure-

lent energy and the thermodynamic variables are dependefliatation termis relatively small as the flow is nearly incom-
on the initial flow compressibility. In the cases in which the pressible. However, consistent with the results of Balakrish-

36 H 37 :
initial variations in temperature and density are more signifi"anet al,™ Jaberi and Madni& and Martin and Candlef,

cant, the variation in the reaction rate would also be mordn® a@mplitude of the oscillation of the pressure-dilatation
significant and the thermodynamic variables as well as thierm is significantly increased by the heat of reaction. Figure

dilatational turbulent motions are affected more by the heat3(@ Shows that the values of this term in cases 3 and 4 are
of reaction. an order of magnitude larger than those in case 1. Compari-

sons of the results for cases 1 and 5 and cases 3 and 4
indicate that the variation in molecular coefficients has little
1. Energy transfer effect on the evolution of the pressure dilatation.
To examine the effects of the reaction on the energy  Temporal variations of the viscous-dissipation term for

transfer between the internaE(= pe,) and the kinetic E,  different cases are shown in Fig.(lb;B In non-heat-relegsing
=pey) energies, the transport equations {&) and(E,)  case 1, this term has the dominant effect and decrdases

are considered, creasesthe kinetic(interna) energy. With the decay of tur-
bulence, the gradients of the velocity and the magnitudes of
E(E|)= —(PD)—(VD)+(HR), (13) the viscous—Qissipati_on term decrgase. Nevertheless, t.he mag-
dt nitudes of this term in heat-releasing case 3 are considerably

larger than those in non-heat-releasing case 1. This is due to

i(EK>=<PD>+<VD>, (14) modification of the molecular coefficients and the small-
dt scale turbulence by the heat of reaction. The most significant
where difference between the results in cases 1 and 3 occurs at
1.5<t<3, when the reaction is very important. A compari-
<pD>E< p%> son among the results in cases 1, 3, and 4 indicates that the
X magnitudes of the viscous-dissipation term increase prima-



1200 Phys. Fluids, Vol. 12, No. 5, May 2000 Jaberi, Livescu, and Madnia
0.0050 T T . 0.15 T T T
o—o case 1
=------m case 3 x0.1 o—ocase 1
&~—= case 2 Ama
010 | |=-wcase3 Rl h
0.0025 e ——ecaseb e
~—-acase9| ,
<PD> (a) j <PD>dt g5 | // . (a)
0.0000 #* e
0.00 | wastifetctdoctesns -
0.0025 *
-0. 1 t 1 — 1 ] !
00 20 40 60 80 0050 20 40 60 80
t t
0.00 T T L 0.00 T T T
-0.01 | L —0.08 ]
,-"'!..
o -0.10 - |
<VD> _go2 | 1 (b) I<VD> dt RS (b
-0.15 oo cacat ‘\ ’ 1
. s——A 2
-0.03 - / -020 | |* xz 3 \x\ i
Z ‘ e - -escase b S
& - —~acased
-0.04 L ! ! — ! A—
0.0 20 4.0 6.0 8.0 0'250_0 2.0 4J_o 6.0 8.0
t t
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h Lempol FIG. 14. Time-integrated values of different terms in the mean kinetic en-
viscous dissipatiodV D).

ergy equatiofEg. (14)], (a) the pressure dilatatiorh) the viscous dissipa-
tion.

rily due to increase in the molecular coefficients. The volu-
metric expansion/contraction of the fluid elements alsamoves energy from the internal energy and adds it to the
slightly increases the magnitudes of the viscous-dissipatioRinetic energy. In the exothermic reacting flows, as the re-
term (compare cases 1 and.4nterestingly, the long time sults in Fig. 14a) suggest, the role of the pressure-dilatation
values of(VD) in case 3 are smaller than those in case 4ferm is very important and should be considered in the mod-
despite the fact that the magnitudes of the molecular coeffieling of these flows, particularly when the flow compressibil-
cients in case 3 are much larger than those in case 4. Tity is significant.
explain these observations, it is useful to compare the evolu- In contrast to the pressure dilatation, the integrated val-
tion of (VD/u) for cases 3 and 4. In case 4YD/u) ues of the viscous-dissipation term are always negative and
=(VD). Figure 13b) shows that the magnitudes @fD/x)  increase in magnitude as heat release increfdggs 14b)].
in case 3 are significantly lower than those in case 4. In casl non-heat-releasing cases, the magnitudes of this quantity
3, the values o are higher, the “smoothing” effects of the decrease as the initial flow compressibility increases, which
molecular viscosity on the velocity gradients are more im-is consistent with the results shown in Fig. 12. However, in
portant, and the magnitudes ¢¥D/u) decay faster. This heat-releasing cases the flow compressibility has an opposite
explains why the long time values d¥D) in case 3 are effect and enhances the magnitude of the viscous dissipation.
smaller than those in case 4. This is primarily due to an increase in the dilatational turbu-
The influence of the heat of reaction and the flow com-lent motions(see the discussion corresponding to Fig. 15
pressibility on the viscous-dissipation and the pressurebelow).
dilatation terms is further assessed in Fig. 14, where the time It is shown above that the turbulent kinetic energy and
integrated values ofPD) and (VD) for several different the terms responsible for its evolution are noticeably affected
cases are considered. The variation in the mean kinetic erpy the heat of reaction. However, the results in Figs. 10 and
ergy is equal to the summation of these integrated quantitied.1 indicate that the solenoidal and the dilatational compo-
Figure 14a) shows that in non-heat-releasing cases the intenents of the turbulent energy are affected differently by the
grated values of the pressure-dilatation term are relativelyeaction. It is, therefore, useful to consider the evolution
small. In the heat-releasing cases, these integrated values aguations for the solenoidal and dilatational energy compo-
positive and significant. While flow compressibility has little nents. Analysis of these transport equations also helps to
effect in non-heat-releasing cases, it significantly amplifiedetter understand the energy transfer process in reacting
the effect of reaction on the integrated values of the pressuriows. The interactions between different modes of the ki-
dilatation in heat-releasing cas@®mpare cases 1, 2, 6, and netic energy and the internal energy in compressible flows
9). The positive sign of the integrated values of the pressureare studied in detail by Kida and Orsz¥gand Jaberi and
dilatation term indicates that this term on the average reMadnia®’ They decompos&V,=pu; into the mean, the
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whereWg; ,5=R,C,0 denotes the rotational, the compres-
sive, and the mean components \M , respectively. Our
results(not shown indicate that in both non-heat-releasing
and heat-releasing cases the mean components of the advec-
tion, ((AD)o), the pressure dilatatiof(PD) o), and the vis-

cous dissipation(,(VD)o), are negligible as compared to the
compressive and rotational counterparts.

Temporal variations of the rotational and the compres-
sive components of the advection term for both non-heat-
releasing and heat-releasing cases are considered in Fig.
15(a). This figure shows that in the absence of heat release,
the compressive and the rotational components of the advec-
tion term fluctuate symmetrically with respect to the horizon-
tal (zero-value axis and there is no net contribution to the
kinetic energy by these components. In the case with consid-
erable heat release, again the compressive and the rotational
components fluctuate symmetrically around the horizontal
axis but the amplitude of their oscillations is larger than that
in the non-heat-releasing case. Additionally, during the time
period that the reaction is significant, the time averaged val-
ues of((AD)g) and{(AD)¢) are positive and negative, re-
spectively. These results are consistent with those of Jaberi
and Madnid’ and indicate that on the average, the energy is
transferred from the compressive component of the kinetic

energy to its rotational component. To explain this behavior,
it is useful to consider the mechanisms responsible for the
FIG. 15. Temporal variation of the rotational and the compressive compochange in the dilatational fluid motions. In compressible non-
nents of(a) the advection term(p) the pressure-dilatation term, atd) the  reacting flows, the compressibility effects caused by initial
VISCOUS-dISSIpatIOH term. s

conditions or other factors, such as shock waves, enhance the

dilatational turbulent motion¥' The solenoidal fluid motions

may also amplify the dilatational fluid motions through the
rotational, and the compressive components. Similar analysigdvection term. Alternatively, the energy could be trans-
is conducted here. The decomposition of the kinetic energyerred from the dilatational motions to solenoidal motions by
and also the governing equations describing the evolution ahe dilatational advection which is the case in our nonreact-
the compressive and rotational components of the kinetigng simulations. In reacting flows, the heat of reaction modi-
energy for constant molecular transport coefficients are profies the dilatational fluid motions. The modified dilatational
vided by Kida and Orsz4§and are not given in detail here. field then may affect the solenoidal field. The direction of the
It is only adequate to present the evolution equations of thenergy transfer between the solenoidal and the dilatational
spatially averaged values of the kinetic energy componentgomponents of the kinetic energy depends on the rate of heat
These equations are written as release and the energy residing in each component. In case 3,
the energy released by the reaction is noticeably large and
the net energy transfer is from the dilatational component to
the solenoidal component.
where Ek)s, B=R,C,O denotes the rotational, the com- The temporal variations of the rotational and the com-
pressive, and the mean components of the kinetic energypressive components of the pressure dilatation for cases 1
respectively. In Eq(15), ((AD)g), ((PD)g), and((VD)z)  and 3 are considered in Fig. (1. It is the pressure-
represent the effect of the advection, the pressure dilatatiowilatation term that alternatively transfers energy from the
and the viscous dissipation on the volumetric averaged valinternal energy to dilatational and solenoidal parts of the
ues of the kinetic energy components and are defin& as kinetic energy and vice versa. The results in FiglolShow
that in the non-heat-releasing case, the rotational component
of the pressure dilatation is negligible, indicating that the
pressure dilatation does not transfer energy to or from the
rotational kinetic energy. In the case with considerable heat
release, the values ¢fPD)c) and((PD)g) oscillate around
zero but the amplitude of oscillations is significantly higher

0.0 2.0 4.0 6.0 8.0
t

d
a<(EK)ﬁ>:<(AD)ﬁ>+<(PD)ﬁ>+<(VD)B>! (15

W, 1
<(AD)B>E< ( —Uja—xj— EWiA)W,Bi> ,

1 dp
((PD)g)= ——;a—)qwﬁi )
(16)
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than in the nonreacting case. Again, consistent with the re- 12 —— T

sults of Jaberi and Madni¥,the compressive component of

the pressure dilatation has magnitudes substantially largel

than those of the rotational component. The cases with

higher initial flow compressibility exhibit behavior similar to

that shown in Fig. 16). The variation of the pressure- <€2>

dilatation term in Figs. 1& and 14a) with reaction and

flow compressibility is mainly due to variation of its dilata-

tional component as the solenoidal component is not notice-

ably affected. The dilatational component of the pressure di-

latation changes in magnitude with reaction and flow

compressibility.

The influence of reaction on different components of the t

viscous-dissipation term is shown in Fig. (&b In the ab-

sence of heat release, the magnitude of the rotational anc 12 7

compressive components of the viscous dissipation decreas

with turbulence decay. In this case, the magnitudes of 10

((VD)g) are much larger than those VD)), suggesting 8 I

that the dissipation scales are controlled by the vortical mo-

tions. Nevertheless, Fig. (& shows that both the rotational <€> g

and the compressive components are significantly affectec

by the reaction, although the compressive component is af- 4
2
0

(a)

o——o case 1 -
&—a case 2 ]
e - -ecaseb J
&~ -acased

] (b)

fected more. It is observed that the magnitudes of the
((VD)R) in heat-releasing case 3 are higher than those in
non-heat-releasing case 1tat4. The increase in solenoidal .
dissipation is primarily due to the increase in molecular co- 0.0 2.0 4.0 6.0 8.0
efficients with temperature, since the results for cases 1 and « t

are close. The increase in dilatational dissipation is due to
both enhancement of the small-scale dilatational velocity
fluctuations and increase in molecular coefficients. A com-
parison between the results in cases 1, 3, and 4 indicates that

the magnitudes of(VD)c) increase by almost an order of ) )
magnitude with reaction. even if the molecular coefficients:8@ the temporal evolution off2) for cases 4 and 5 is also

are kept constant. Additionally, the magnitudes 07 D) ) considered. The results corresponding to these cases clearly

decay slowly as compared to those @VD)g). Conse- indicate that the values df)) are affected by the heat re-

quently, the long time values of the rotational and the Com_lease, primarily due to variations in the molecular transport

pressive dissipation become comparable. Our reqult$ coefficients. A (_:onjparison between cases 1 an_d 3 in Figs.
shown also indicate that the temporal evolution(¢¥ D)) 16(a) and ?Qb) |nd|c_ate_s_ that the effect of reaction on the_

is not very much dependent on the initial flow compressibil—ens_trOphy IS mo_re_S|gn|f|cant than tha_t on the sol_en(_)|da| K-
ity in non-heat-releasing cases. However, the values o[ﬁetlc energy. This is understandable since the s(disibipa-

((VD)c) are higher and are enhanced more by the heat que)lr??:vc\;nst(r:aals(tastoardeilzgii(gﬁgl ttrl]ﬁbnglzsntt. motions, the small-
reaction in cases with higher initial flow compressibility. '

scale solenoidal motions are affected similarly by the reac-
tion for different initial flow compressibility. This is demon-
strated in Fig. 1@), where the decay of the mean enstrophy
The results shown in Fig. 11 indicate that different scalesor cases 1, 2, 6, and 9 are considered. Figur)1ié con-
of the solenoidal and the dilatational velocity fluctuations aresistent with Fig. 16a) and shows that the reaction increases
affected differently by the chemical reaction. While all the decay rate of the mean enstrophy, regardless of the initial
length scales of the dilatational velocity field are amplified,flow compressibility. As mentioned before, initially the sum-
the small-scale solenoidal motions are primarily affected bymation of the dilatational and solenoidal turbulent energies is
the reaction. An important quantity which characterizes thesene same in all cases. But in cases 2 and 9, the initial values
small-scale solenoidal motions is the enstrophy. The tempaaf the solenoidal energy and enstrophy are lower than those
ral variation of the mean enstrophy for several different case# cases 1 and 6. Nevertheless, the long time values of the
is shown in Fig. 16. In the absence of heat releg@¢,de- mean enstrophy in cases 1 and 2 and also those in cases 6
cays monotonicallyand almost exponentiallydue to vis- and 9 are very close. The solenoidal kinetic energy, although
cous dissipation. However, the heat of reaction influences thaffected less by the reaction, exhibits a qualitatively similar
mean enstrophy and)) decays much faster in heat-releasingbehavior. These results suggest that in reacting and nonreact-
case 3. To isolate the effect of reaction on the moleculaing flows the long time values of the “solenoidal statistics”
viscosity coefficient from other factors that affé€)), in Fig.  are independent of the initial flow compressibility. Of course

ol PR
| e N T

FIG. 16. Temporal variation of the mean enstrophy for different cases.

D. Enstrophy
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they are affected by the reaction, primarily due to variations 20 . r r

in molecular coefficients. v | |u x10°

--- mxwo

1. Enstrophy transport equation

- ; RHS t
To understand how the chemical reaction affects the vor- e (a)

ticity field and to explain the results in Fig. 16, the terms in
the enstrophy transport equation are examined. The transport
equation for mean enstrophy reads as

_20 ] 1 1

d(Q) 1 0.0 2.0 4.0 8.0 8.0

t
= (@ $-w) —(Q4) —<—z[w-(Vp><Vp)]>
%«—/ —_—— P
term I term II o 20 T T
term IIT R
> N N b 1 x10
10 --~= Wx20 _
+=—(@-[VX(£/p)]) +5~e-[VX(£9p)]),
Re, Re,
teIm v terI;lV RHS terms 0 = L e 7 (b)
@ R
-10 + /,V\ /‘ B
wherew and$S are the vorticity vector and strain rate tensor, -

respectively. The solenoidal and the dilatational viscous —20 s . )

forces are defined as 00 20 40 60 80

t
£=V-(u8),
- (18) FIG. 17. Temporal variation of different terms in the mean enstrophy trans-

port equatior{Eq. (17)] for (a) case 1,b) case 3.

_ M
ﬂ=V(M?—§AQ,

where §° ande denote the solenoidal and the dilatationalin Figs. 17a) and 17b) indicates that these terms decay
strain rates, antj is the identity tensor, respectively. Terms I, faster in heat-releasing case 3. This is due to higher values of
I, 11, IV, and V on the right-hand sidérhs) of Eq.(17) are  the molecular coefficients in the heat-releasing case. Also, in
identified as the vortex-stretching, the vorticity-expansionthe heat-releasing case, the magnitudes of terms Il, lll, and V
the baroclinic, the solenoidal-dissipation, and theare comparatively higher than those in the non-heat-releasing
dilatational-dissipation terms, respectively. The vortex-case. The baroclinic term is positive and peaks when the
stretching term is responsible for energy transfer among difmean reaction rate reaches its maximum value. The vorticity-
ferent turbulent scales and usually has a positive sign. Thexpansion term has magnitudes comparable to the baroclinic
vorticity-expansion term can have a positive or negative conterm but contributes both positively and negatively to the
tribution to the mean enstrophy, depending on the correlatiomean enstrophy. The magnitude of the dilatational-
between the contraction/expansion regions of the flow andissipation term also peaks when the mean reaction rate
the local values of the enstrophy. The baroclinic termpeaks but is lower than that of the vorticity-expansion and
changes the mean enstrophy only if the pressure gradient améroclinic terms.
the density gradient vectors are not aligned. The solenoidal The integrated values of all terms on the rhs of &)
and the dilatational viscous terms decrease the magnitude afe shown in Fig. 18 for various cases. The summation of
mean enstrophy. In low Mach number nonreacting flows, thehese integrated quantities is equal to the change in the mag-
dilatational-dissipation term is usually negligible. nitude of the mean enstrophy. The results in Fig. 18 are
Temporal evolution of all terms on the rhs of E47)  consistent with those in Fig. 17, indicating that all terms on
for cases 1 and 3 are shown in Fig. 17. In the non-heatthe rhs of Eq.(17) are affected by the heat release. A com-
releasing case [Fig. 17@)], the magnitudes of the vorticity- parison between the results for cases 1 and 3 in Fign) 18
expansion, the baroclinic, and the dilatational-dissipatiorindicates that the integrated value of the vortex-stretching
terms are relatively small and the mean enstrophy mainlyerm is significantly decreased by the reaction and reaches a
changes by the vortex-stretching and the solenoidalnearly constant value at-4. This is primarily due to varia-
dissipation terms, as expected for a nearly incompressiblgon of the molecular coefficients with temperature, as the
flow. The vortex-stretching term has a positive sign and itgesults for cases 1 and 4 are very close. In contrast to the
magnitudes are slightly lower than those of the solenoidalortex-stretching term, the integrated values of the vorticity-
dissipation. As a result, the mean enstrophy decays continexpansion and baroclinic terms increase substantially by the
ously. The vorticity-expansion and the baroclinic terms os-heat of reaction. The values of the vorticity-expansion term
cillate around zero. In the heat-releasing ca$€ig. 17b)],  are lower when the molecular coefficients are kept constant
the vortex-stretching and the solenoidal-dissipation terms arecompare cases 3 and. & he baroclinic term exhibits oppo-
still the dominant terms and decrease in magnitude with tursite behavior as its integrated values are increased more sig-
bulence decay. However, a comparison between the resultsficantly by the reaction if the molecular coefficients are
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kept constant. This indicates that the increase in magnitudes all cases. Our resultot shown suggest that in exother-
of the molecular coefficients weakens the baroclinic generamic reacting flows while the magnitudes of the baroclinic
tion of the mean enstrophy. and the dilatational-dissipation terms are dependent on the
The solenoidal- and the dilatational-dissipation terms arenitial flow compressibility, the vortex-stretching and the
also affected differently by the heat of reaction. While thesolenoidal-dissipation terms are not noticeably affected by
magnitudes of the solenoidal dissipation decrease by the réhe compressibility. Therefore, the effects of the reaction on
action[Fig. 18d)], those of the dilatational dissipation in- the mean enstrophy as shown in Fig.(d6are similar in
crease[Fig. 18e)]. Figures 1&) and 18e) also show that cases with different initial flow compressibility.
the magnitudes of thésolenoidal} dilatational-dissipation Generation of vorticity via baroclinic torque plays an
term in case 4 aréhighel lower than those in case 3. So, the important role in the flame-vortex interactiotf%61 Al-
variation of the molecular coefficients with temperature haghough in the flows studied the baroclinic term does not sig-
the opposite effect on these two viscous terms. The results inificantly change the mean enstrophy, it has important local
Fig. 18d) are also consistent with those in Fig.(&8and effects on the vorticity field and the flame structure. In the
indicate that the magnitudes of the solenoidal-dissipation anthean enstrophy transport equation, the baroclinic term,
the vortex-stretching terms decrease by reaction due to en-{1/p? w-(VpXVp)]) is composed of three vectors; both
hancement of the molecular coefficients. In contrast, thehe magnitude and relative alignment of these are important.
magnitudes of the vorticity-expansion and the dilatational-The magnitudes of the pressure and the density gradients
dissipation terms increase as the magnitudes of the molecularcrease as the pressure and the density fluctuations are in-
coefficients increases. It is to be noted that even though thereased by reaction. This is shown in Fig(d9where the
vorticity-expansion, the baroclinic, and the dilatational- volumetric averaged values of the magnitudes of the density
dissipation terms are strongly affected by reaction, their conand the pressure gradients for cases 1, 3, and 6 are consid-
tributions to the mean enstrophy remain much less than thosered. The mean value of @ follows closely the trends ob-
of the vortex-stretching and the solenoidal-dissipation termserved in Fig. 1@) for density gradient but its magnitudes
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FIG. 20. PDFs ofa) the sine of angle between the pressure gradient and the

) ] ) ) density gradient(b) the cosine of angle between the vorticity vector and
are increased by less than 15% with reaction. For the isother-

mal reacting cases, botVp|) and(1/p?) decrease slowly

and continuously due to turbulence decay. In exothermic re-

acting cases, they peak at the time corresponding to peak

reaction rate and decay later. The decrease in the magnitudlgctuations are poorly correlated when the heat release is

of the vorticity vector is somewhat balanced by the increaséignificant.

in (1/p?) in heat-releasing cases. This decreaséaify as Another quantity which influences the behavior of the

explained earlier, is due to an increase in molecular coeffibaroclinic term is the angle between the vorticity vector and

cients with temperature. the baroclinic torque /= —VpXVp). The PDFs of the co-
The second factor which influences the magnitude of thesine of this angle (cas) att=2.5 are shown in Fig. 20).

baroclinic term is the alignment of the pressure and the dernthe highest probability is at 1, indicating that and w are

sity gradient vectors. The time evolution of the mean valuemostly parallel. In case 1, the PDF is nearly symmetric and

of siné (¢ is the angle between the pressure and the densitthe mean value of cosis very small. In case 3, the PDF is

gradient vectorsis presented in Fig. 1B). The results in  sjightly skewed toward positive values at 4.6<3.5. Con-

this figure clearly indicate that the reaction has a significansequently, the mean value of coss positive and small.
influence on the alignment of these two vectors(si® &)

increases with reaction. At the time which the mean reactione. Dilatation

rate peaks, the density and the pressure gradient vectors tend ) .

to be mostly perpendicular. To further examine this behay- 't iS demonstrated above that the dilatational turbulent
ior, in Fig. 20a) the PDFs of si for cases 1 and 3 are mot!ons are substantlally -mod|f|ed by t-he heat of reaction.
compared. The results for case 1 are consistent with thog®" important quantity which characterizes the small-scale
obtained by Kida and Orsz8gand indicate that the pressure dilatational turbulent motion is the second moment of dilata-
and the density gradients are almost aligned. This alignmeriton ((A?)). This term is almost equal to the dilatation vari-
is also Supported by the h|gh correlation between the presance since the mean value of the dilatation is nearly Zero.
sure and the density which is a consequence of a nearfyigure 21 shows the temporal variation (@?) for various
isentropic process. The PDF of siis changed by the heat cases. In the non-heat-releasing case, the valuéd%fare
release and attains a peak at&iil and very low values at higher for higher initial flow compressibility but decrease in
sin&=0. This indicates that in most of the domain the pres-all cases with turbulence decay. The results in Fig. 21 are
sure and the density gradients are perpendicular. Our resulédso consistent with those shown in Figs(d@nd 11b) and
(not shown also indicate that the pressure and the densityndicate that the magnitudes 6A?) increase substantially
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FIG. 21. Temporal variation of the second moment or variance of the dila-
tation for different cases. RHS terms (b)
with the heat of reaction. This increase is dependent on the
rate of heat release and is more significant in cases with
higher initial flow compressibility.
To understand how the dilatational fluid motions are af-
fected by the reaction, the transport equation ¢ar) is
considered,
d{A?) 5
7 (A7) —2(AS;8,) +{Awwy) RHS terms ©
—— RN )
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p dx; ox;
J J ~150 L L] 1
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t
; ; ; ; FIG. 22. Temporal variation of different terms in Eq.9) contributing to
_i< l d(’U“_S’J) £> +i<l d('U“A) £> the second moment of dilatatiqa) case 1,b) case 2,c) case 9.
Reo p é’x,- é'xj 3 Reo p é'xj é'xj
teHnV term VI
(19 A comparison between cases 1 and 2 in Figgapand

22(b) reveals the effects of compressibility on terms on the
rhs of Eqg.(19). While in case 1 the values of term Il are
cases 1, 2, and 9 are shown in Fig. 22. In caf€id. 22a)], comparable to other terms, they are relatively insignificant in
the flow is nearly incompressible and the magnitudéAt) case 2. This suggests that the correlation between the dilata-
and all terms contributing to its evolution are very small andtional and the solenoidal velocity fields is small and is not
decline with the decay of turbulence. Term Il represents theignificantly affected by the flow compressibility. The flow
correlation between the dilatation and the magnitude of theompressibility has, however, a significant effect on other
strain and tends to decreaé&?). Term Ill represents the terms. For example, the magnitudes of term | in case 2 are
correlation between the enstrophy and the dilatation and alsmuch higher than those in case 1. In both cases this term has
appears in the enstrophy transport equation multiplied by negative contribution. The behavior of term Il is also very
—1/2. This term has both negative and positive contributiordifferent in cases 1 and 2. This term decreases the fluctua-
but its time integrated values are mostly negative. Term IVtions of the dilatation in case 1. In the cases with significant
represents the correlation between the pressure gradient amitial compressibility(case 2, the reverse is true and term Il
the dilatation gradient. This term has the most significanhas the most significant positive contribution. The magnitude
influence on(A?) and always enhances the fluctuations ofof term IV increases substantially by the flow compressibil-
the dilatation. The two viscous terms have opposite effectity, as expected. The viscous terms V and VI exhibit similar
on (A?%). The first term(term V) represents the correlation behavior in cases 1 and 2. Term V always contributes nega-
between the gradient of the dilatation and the strain rate. Thevely to the values of A?) but the contribution of term VI is
second tern{term VI) is due to dilatation gradient and has always positive. The magnitudes of term V are larger than
magnitudes slightly lower than the first term. While the val-those of VI resulting in a net negative contribution to the
ues of(A?) decrease by the first viscous term, the secondlilatation variance by the viscous terms.

term increases them. It is shown in Fig. 21 that the values 6A?) are signifi-

Temporal evolution of the terms on the rhs of Ef9) for
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cantly affected by the heat of reaction. It is, therefore, notbecause the large-scale solenoidal velocity field is not di-
surprising that all terms contributing tA2) are also af- rectly affected by the reaction and the solenoidal and dilata-
fected by the reaction. In fact, Fig. @2 shows that with the tional velocity fields are poorly correlated. However, the
exception of term lll the magnitudes of all terms on the rhssmall-scale rotational turbulent motions and the related quan-
of Eq.(19) increase by more than an order of magnitude withtities such as the enstrophy are noticeably influenced by the
reaction. Nevertheless, the behavior is similar in non-heatheat of reaction. This is primarily due to variation of the
releasing and heat-releasing cases 2 and 9, indicating thatolecular transport coefficients with temperature and the
terms Il and V have the most significant positive and negavolumetric flow expansion/contraction has lesser effect.
tive contributions, respectively. Close examination of the re-Analysis of the enstrophy transport equation indicates that
sults in Figs. 2b) and 2Zc) indicates that the values of term the effects of baroclinic torque increase as the heat release
[l in cases 2 and 9 are small and comparable. This agaiand/or the initial flow compressibility increases. Neverthe-
suggests that the vortical and the dilatational velocity fielddess, the contributions of the baroclinic torque and the vor-
are weakly correlated. ticity expansion are much less than those of the vortex-
stretching and the solenoidal viscous-dissipation.
Examination of the energy transfer among different
modes of the kinetic energy and the internal energy in exo-
Direct numerical simulations are conducted of chemi-thermic reactive flows indicates that the energy of the reac-
cally reacting homogeneous compressible fluid flow undetion is transferred to the compressive component of the ki-
non-heat-releasin§jsothermal and heat-releasin(gexother-  netic energy by the compressive component of the pressure-
mic) non-premixed reacting conditions. The chemistry isdilatation correlations. The advection term then transfers the
modeled with a one-step irreversible reaction and with a ratenergy from the compressive component of the kinetic en-
coefficient of an Arrhenius type. ergy to its rotational component. The compressive and the
Examination of the compositional flame structure indi- rotational components of the turbulent advection and the
cates that the finite rate chemisttgr temperature depen- compressive component of the pressure-dilatation exhibit
dency effects are important and the reaction rate exhibitssignificant oscillations in time. The amplitude of these oscil-
behavior different than the flame surface density. During theations enhances due to the heat of reaction. The compressive
time that the reaction is significant, the “mixing” ternG(  component of the viscous dissipation also increases in mag-
=p2Y,Yg) and the “temperature-dependent” terfF nitude as a result of the energy transfer from the internal
=exp(—ZeT)] have comparable mean values. Also, at thisenergy to the compressive component of the kinetic energy.
time the mixing term is not well correlated with the reaction The effects of reaction on pressure dilatation and viscous
rate. While the values of the temperature-dependent term aglissipation increase with the flow compressibility due to
high at the “reaction zones,” those of the mixing term are strong coupling between the “turbulence-generated” and the
dependent on the spatial density variations and are often loviheat-generated” dilatational fluid motions. Also, in all
in these zones. Additionally, in the reaction zones the flow iases considered, the rotational and the compressive compo-
dominated by strain rather than rotation and the scalar granents of the kinetic energy are poorly correlated.
dient is mostly aligned with the most compressive eigenvec- The results presented in this paper reveal the intricate
tor of the strain rate tensor. Consistent with the previougphysics of the two-way interactions between turbulence and
observations, the heat of reaction decreases the alignmegliemical reaction. The future models of the turbulent react-
between intermediate strain eigenvector and vorticity vectoring flows have to account for these interactions. We are uti-
particularly near the reaction zones. lizing the DNS results obtained from this work to develop
The results of simulations with isothermal reaction are innew subgrid scale models in Large Eddy Simulatidrss)
accord with the previous findings and indicate that the flowof turbulent reacting flows. We are specifically interested in
undergoes a nearly isentropic process and the pressure ahdw the subgrid stresses and scalar fluxes and the corre-
density fluctuations are very well correlated. However, insponding models in LES are affected by the chemical reac-
exothermic reacting simulations, the dilatatiofebmpres-  tion. The behavior of the subgrid unmixedness in reacting
sive) turbulent motions at all length scales are significantlyflows is also of interest and is being studied using the data of
intensified by the heat of reaction. The effect of reaction orthis work.
the dilatational velocity field is enhanced as the initial flow  In this study, the turbulent Mach number and the flow
compressibility(the initial fluctuations in dilatational veloc- compressibility are relatively small. The turbulence is also
ity and thermodynamic variablegcreases. Analysis of the decaying due to lack of any mean velocity gradient or shear.
transport equation for dilatation variancéA@)) indicates ~Analysis of the flame-turbulence interactions in highly com-
that the magnitudes gfA?) and almost all terms contribut- pressible and supersonic homogeneous and inhomogeneous
ing to its evolution increase substantially with increase in thechemically reactive turbulent flows would be the next chal-
initial flow compressibility and/or the heat of reaction. The lenging tasks.
exothermicity of the reaction also increases the fluctuations
of the thermodynamic _vangbles at all _Iength scales. ACKNOWLEDGMENTS
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